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DNA damage checkpoint prevents segregation of
damaged chromosomes by imposing cell-cycle
arrest. In budding yeast, Mec1, Chk1, and Rad53
(homologous to human ATM/ATR, Chk1, and Chk2
kinases, respectively) are among the main effectors
of this pathway. The DNA damage checkpoint is
thought to inhibit chromosome segregation by pre-
venting separase-mediated cleavage of cohesins.
Here, we describe a regulatory network that prevents
segregation of damaged chromosomes by restrict-
ing spindle elongation and acts in parallel with inhibi-
tion of cohesin cleavage. This control circuit involves
Rad53, polo kinase, the anaphase-promoting com-
plex activator Cdh1, and the bimC kinesin family
proteins Cin8 and Kip1. The inhibition of polo kinase
by Rad53-dependent phosphorylation prevents it
from inactivating Cdh1. As a result, Cdh1 remains
in a partially active state and limits Cin8 and Kip1
accumulation, thereby restraining spindle elonga-
tion. Hence, the DNA damage checkpoint sup-
presses both cohesin cleavage and spindle elonga-
tion to preserve chromosome stability.
INTRODUCTION
Cells respond to chromosomal injuries by triggering DNA
damage checkpoint, which activates repair processes, arrests
cell-cycle progression, and induces transcription of genes that
facilitate recovery from the damage (Abraham, 2001; Harrison
and Haber, 2006). Transient arrest of cell-cycle progression is
a critical part of the checkpoint control because it provides suffi-
cient time for repairs before the cell cycle can be resumed. In
mammalian cells (Jin et al., 1996; Blasina et al., 1997, Abraham,
2001) and fission yeast (Rhind et al., 1997), inhibition of the
mitotic kinase Cdc2 (Cdk1) by the checkpoint pathway is
thought to be predominantly responsible for arresting progres-
sion to M phase, thus preventing the onset of critical mitotic
events such as chromosome segregation. In the budding yeast
Saccharomyces cerevisiae, however, expression of activated
Cdc28 (Cdk1) does not abolish the checkpoint-induced G2/M
arrest, suggesting that inactivation of Cdc28 activity might
not be ‘‘pivotal’’ to the mechanism imposing cell-cycle arrestDevelop(Amon et al., 1992; Sorger and Murray, 1992). Instead, the
checkpoint directly targets networks that regulate chromosome
segregation and mitotic exit (Sanchez et al., 1999; Hu et al.,
2001).
During normal division cycle, duplicated chromosomes are
held together by cohesin complex, which prevents premature
segregation of sister chromatids (Haering and Nasmyth, 2003).
At the metaphase to anaphase transition, separase, a caspase-
like protease encoded by the ESP1 gene in yeast, cleaves cohe-
sin subunit Scc1/Mcd1 and dissolves sister-chromatid cohesion
to allow partitioning of chromosomes by the mitotic spindle
(Ciosk et al., 1998). However, separase (Esp1) remains inactive
until anaphase because of its association with securin (encoded
by PDS1 gene) (Ciosk et al., 1998). At the onset of anaphase,
Cdc20-activated ubiquitin ligase anaphase-promoting complex
(APCCdc20) mediates proteolytic destruction of Pds1 and liber-
ates Esp1 to cleave Scc1/Mcd1, triggering separation of sister
chromatids (Haering and Nasmyth, 2003). DNA damage check-
point is thought to inhibit chromosome segregation by promoting
the phosphorylation of Pds1 by checkpoint kinase Chk1 (San-
chez, et al., 1999; Wang et al., 2001). Phosphorylated Pds1 is
resistant to APCCdc20-mediated proteolysis and continues to
inhibit Esp1, preventing it from dissolving sister-chromatid
cohesion.
Mec1 (a phosphoinositide-3-kinase-related kinase and homo-
logous to mammalian ATR) is considered to be the most
upstream effector in the DNA damage-induced checkpoint con-
trol (Weinert et al., 1994). Mec1 activation leads to the activation
of two downstream kinases, Chk1 and Rad53, which form the
two main regulatory branches preventing the progression
through mitosis (Sanchez et al., 1999; Gardner et al., 1999).
While Chk1 phosphorylates Pds1 to prevent cohesin cleavage,
Rad53-Dun1 branch inhibits the mitotic exit network (MEN) by
activating the Bfa1-Bub2 complex (a GAP for Tem1 GTPase,
an upstream effector of MEN). Rad53 inhibits Cdc5 polo kinase,
an essential component of the MEN, which both downregulates
the Bfa1-Bub2 complex and promotes the release of Cdc14
phosphatase from the nucleolus (Sanchez et al., 1999; Hu
et al., 2001; Visintin et al., 2003). This two-pronged regulatory
scheme allows DNA damage checkpoint to inhibit not only chro-
mosome segregation but also mitotic exit. Recently, Cyclic-
AMP-dependent kinase (PKA) has been reported as an addi-
tional regulator in this checkpoint control; it impinges on the
APC-activator Cdc20 to prevent proteolytic destruction of Pds1
and therefore sister-chromatid separation (Searle et al., 2004).
Thus, as far as onset of anaphase is concerned, restrainingmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc. 541
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be the predominant mechanism by which DNA damage check-
point prevents the segregation of damaged chromosomes.
Mec1 and Rad53 are also the central effectors of the DNA
replication checkpoint, which functions during S phase. The
replication checkpoint is activated in response to replication
stresses (for example, inhibition of DNA synthesis by ribonucle-
otide reductase inhibitor hydroxyurea [HU]). It maintains the
integrity of the stalled replication forks during the arrest and
prevents premature segregation of the largely unreplicated chro-
mosomes (Osborn et al., 2002). Consistent with this, HU-treat-
ment of checkpoint-defective mec1 or rad53 mutant halts DNA
synthesis, but the mutant cells proceed to partition the unrepli-
cated chromosomes into the mother and daughter compart-
ments. It has long been thought that the replication checkpoint
inhibits precocious chromosome separation by restraining entry
into mitosis (hence the acronym Mec1 for mitotic entry check-
point) (Weinert et al., 1994). However, it has been recently
reported that premature chromosome segregation in replication
checkpoint-deficient cells requires neither APC activity nor
cohesin cleavage (Krishnan et al., 2004, Bachant et al., 2005),
implying that the checkpoint-mediated inhibition of precocious
sister-chromatid separation might not be accomplished via
restraining entry into mitosis per se. Instead, these studies
suggest that the checkpoint does so by (1) directly regulating
spindle dynamics (Krishnan et al., 2004) and (2) promoting repli-
cation fork integrity, thus ensuring proper centromere duplica-
tion, resulting in a cohesin-independent biorientation (Bachant
et al., 2005). Thus, unlike in the case of DNA damage checkpoint,
cohesins do not play a prominent role in the replication check-
point-mediated inhibition of precocious chromosome segre-
gation.
However, cells arrested in G2/M in response to DNA damage
contain almost fully replicated chromosomes held together by
cohesins. Consequently, sister-chromatid cohesion is presumed
to be sufficient to restrict the tension-ridden mitotic spindle from
untimely elongation. It is therefore widely believed that the
DNA damage checkpoint prevents segregation of damaged
chromosomes predominantly by preventing cohesin cleavage.
The present study was initiated to rigorously test this notion.
We find that upon forced-cleavage of cohesins, the G2/M-
arrested DNA-damaged cells undergo anaphase A but fail to
elongate their spindle, a characteristic of anaphase B. This
suggests that the checkpoint pathway inhibits additional
target(s), thus preventing a complete segregation of chromo-
somes even in the absence of cohesins. Our results strongly
suggest that the DNA damage checkpoint, in addition to its
role in preventing cohesin cleavage, also suppresses spindle
elongation through a control circuit that has recently been shown
to regulate separation of duplicated centrosomes in the budding
yeast (Crasta et al., 2008). According to this regulatory scheme,
inactivation of APC-activator Cdh1 during S phase requires
sequential phosphorylation by Cdc28 (Cdk1) and yeast polo
kinase Cdc5 to allow accumulation of Cdh1 targets, the kinesin
motors Cin8 and Kip1. The bundling activities of these kinesins
then catalyze separation of the duplicated centrosomes and
thus, assembly of a bipolar spindle (Crasta et al., 2008). Our
results documented here suggest that the inactivation of polo
kinase by RAD53-dependent phosphorylation allows Cdh1 to542 Developmental Cell 17, 541–551, October 20, 2009 ª2009 Elseremain active in DNA-damaged cells. Active Cdh1, in turn, limits
the abundance of spindle-elongation-inducing proteins Cin8 and
Kip1, restricting the extension of the mitotic spindle and there-
fore a complete segregation of the damaged chromosomes.
Thus, the mitotic spindle emerges as a novel target of the DNA
damage checkpoint.
RESULTS
DNA-Damaged Cells Do Not Undergo Anaphase-
B-AssociatedSpindleElongationuponCohesinCleavage
Because inhibition of cohesin cleavage is considered to be the
solemechanism by which the DNA damage checkpoint prevents
chromosome segregation, we asked if the removal of chromo-
some cohesion is sufficient to release cells from the check-
point-imposed G2/M arrest, allowing them to progress to
telophase. We used cdc13-1 and cdc23-1 strains in which
tobacco etch virus (TEV) protease-cleavable site had been engi-
neered into the cohesin subunit Scc1 (Uhlmann et al., 2000).
These strains also express myc-tagged TEV protease from
GAL promoter so that sister-chromatid cohesion can be dis-
solved by addition of galactose to the growth medium. When
incubated at 32C, cdc13-1 cells accumulate single-strand
DNA in the telomeric region and arrest in preanaphase with
a short spindle (visualized by CFP-tagged centrosome protein
Spc29), 2N DNA content, and an undivided nucleus due to acti-
vation of the DNA damage checkpoint (Figure 1A). cdc23-1 cells
also arrest with a short spindle, 2N DNA content, and an undi-
vided nucleus because of a nonfunctional APC because Cdc23
is an essential subunit of APC (Figure 1A). Upon transfer to galac-
tose medium, both strains expressed TEV and cleaved cohesins
efficiently within 60–90 min. At 120 min, a majority of cdc23-1
cells (90%) showed dramatic spindle extension andwell segre-
gated nuclei, typical of telophase cells. However, a majority of
cdc13-1 cells appeared to undergo anaphase A accompanied
by a modest increase in spindle length but did not exhibit spindle
extension characteristically associated with anaphase B (Fig-
ure 1A). For comparison, we measured spindle lengths in the
checkpoint-defective cdc13-1 rad9D cells, where a majority of
cells show dramatic extension of the mitotic spindle (4–7 mm
and > 7 mm) (see Figure S1 available online).
Toascertain ifcdc13-1cells had indeedundergoneanaphaseA
(i.e., separation of sister chromatids), we analyzed the separa-
tion of green fluorescent protein (GFP)-marked centromeric
and chromosome-arm markers on chromosome V after Scc1
cleavage by TEV in both cdc23-1 and cdc13-1 strains (Fig-
ure 1B). At 120 min after TEV protease induction (western blots
are shown in Figure S2), both cdc23-1 and cdc13-1 cells showed
well-separated centromeric and armmarkers, implying that both
had completed anaphase A. Consistent with our observations
that cdc13-1 cells fail to progress through anaphase B upon
cohesin cleavage, the distances between the markers were
much shorter in cdc13-1 compared with those in cdc23-1 cells
(Figure 1B). To further confirm these results in individual cells,
we used live cell imaging of cdc23-1 and cdc13-1 strains
described above, expressing CFP-tagged spindle pole body
(SPB) component Spc29 to ascertain spindle length. Spindles
were monitored in five independent cells (see Experimental
Procedures). After the induction of TEV protease, the spindlevier Inc.
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ment, whereas those in cdc23-1 cells increased their length to
7–10 mm (Figure 1C). Even though cdc23-1 cells did not exit
mitosis or rebud, the spindle-length fluctuated considerably in
these cells due to the highly dynamic nature of the extended
spindles.
To alleviate the concern that ‘‘TEV system’’ might lead to arti-
facts, we used temperature-sensitive scc1-73 allele to dissolve
chromosome cohesion. cdc13-1 scc1-73 cells were first allowed
to arrest in preanaphase state by incubation at 32C and then
shifted to 37C to inactivate Scc1. A strain expressing GAL-
PDS1 and carrying scc1-73 allele, treated in an identical manner
served as a control. This strain arrests in preanaphase stage in
galactose medium due to overexpression of Pds1. Although
inactivation of Scc1 caused 60% of GAL-PDS1 scc1-73 cells
to elongate the spindles and to undergo nuclear division within
60 min, it failed to induce anaphase B in cdc13-1 scc1-73 cells
(Figure 2A). We reconfirmed these results in a strain that arrests
in G2/M in response to a ‘‘defined’’ DNA lesion (unlike cdc13-1)
in form of a single, double-strand break caused by the expres-
sion of galactose-inducible HO endonuclease (Vaze et al.,
2002). Scc1 inactivation failed to elicit spindle elongation and
the onset of anaphase B in a majority of GAL-HO scc1-73 cells
(Figure 2B). Although forced cleavage or inactivation of Scc1
does not completely eliminate the checkpoint-imposed inhibi-
tion on chromosome partitioning, abrogation of the checkpoint
caused by a lack ofMec1 function leads to complete segregation
of chromosome (Figure 3C). Taken together, these results
Figure 1. Forced Cohesin Cleavage in DNA-
Damaged Cells Fails to Trigger Anaphase B
(A) G1 synchronized cdc13-1 scc1D scc1-
TEV268-HA3 GAL-NLS-myc9-TEV SPC29-CFP
(cdc13-1 TEV, US5145) and cdc23-1 scc1D
scc1-TEV268-HA3 GAL-NLS-myc9-TEV SPC29-
CFP (cdc23-1 TEV, US5134) cells were released
into YEP + raff medium at 32C for 3.5 hr. Galac-
tosewas added to one-half of the culture to induce
TEV protease while glucose was added to the
other half and the incubation was continued at
32C. Samples were withdrawn for visualization
of CFP signals, fluorescence-activated cell sorting
analysis, and western blotting. A total of 180 cells
were measured for quantification of the distance
between two Spc29-CFP signals in 120 min
sample.
(B) G1 synchronized cdc13-1 scc1D scc1-
TEV268-HA3 GAL-NLS-myc9-TEV TetR-GFP
TetOX112 CEN5 (1.4kb away from the centro-
meres, ‘‘1.4 kb tetO’’) (cdc13-1 CEN5 TEV,
US5674), cdc23-1 scc1D scc1-TEV268-HA3
GAL-NLS-myc9-TEV TetR-GFP TetOX112 CEN5
(1.4 kb away from the centromeres, ‘‘1.4 kb
tetO’’) (cdc23-1 CEN5 TEV, US5675), cdc13-1
scc1D scc1-TEV268-HA3 GAL-NLS-myc9-TEV
TetR-GFP TetOX112-URA3 (35 kb away from the
centromeres, ‘‘35kb tetO’’) (cdc13-1 TEV,
US5672), and cdc23-1 scc1D scc1-TEV268-HA3
GAL-NLS-myc9-TEV TetR-GFP TetOX112-URA3
(35 kb away from the centromeres, 35kb tetO)
(cdc23-1 URA3 TEV, US5673) cells were treated
as in (A). Samples were prepared for visualization
of GFP signals, tubulin staining, and western blot-
ting. TheGFP images were overlaid with DAPI. The
insets show a magnified view of the GFP signals.
The scale bar for photomicrographs represents
5 mm. The distance between two GFP signals
(R0.8 mm) (He et al., 2000) from different samples
is quantitated (120 cells from each sample were
counted; right panel).
(C) cdc13-1 SPC29-CFP TEV (US5145) and
cdc23-1 SPC29-CFP TEV (US5134) cells were
treated as described in (A). After cells were
released into YEP + raff + gal medium at 32C
for 30 min, they were immobilized onto agarose
coated glass slides for live cell imaging. Cells
(five cells for each strain) were imaged every
2 min and the distances between two SPBs were
measured (Metamorph software).Developmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc. 543
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anaphase transition not solely by preventing dissolution of sister-
chromatid cohesion but also by suppressing an additional
aspect of chromosome segregation.
Microtubule-Binding Proteins Are Unstable
in DNA-Damaged Cells
It has been shown previously that DNA replication checkpoint,
where Mec1 and Rad53 are also the main effectors, prevents
precocious segregation of the largely unreplicated chromo-
somes by regulating spindle dynamics (Krishnan et al., 2004;
Krishnan and Surana, 2005). Therefore, it is possible that DNA
damage checkpoint might also negatively regulate spindle
extension. Because BimC family kinesins Cin8 and Kip1 are
important for the dynamic behavior of the mitotic spindle, we
determined the levels of these proteins in GAL-PDS1 and
cdc13-1 strains expressing Kip1-HA3 or Cin8-HA3 from their
native promoters after they were released from G1 arrest in
galactose medium at 32C. Kip1 and Cin8 abundance peaked
between 90 and 120 min in GAL-PDS1 cells and then progres-
sively declined to a lower level (Figure 3A). The level of Kip1 in
cdc13-1 cells also peaked at 60–90 min but rapidly declined
and disappeared by 150 min. Cin8, on the other hand, showed
a weak peak-accumulation at 120 min and remained at a low
level throughout the experiment. These results suggest that
Cin8 and Kip1 are relatively unstable in DNA damage-arrested
cdc13-1 cells. Another microtubule binding protein Ase1, which
Figure 2. Cohesin Inactivation Does Not Induce
Spindle Elongation in DNA-Damaged Cells
(A) G1 synchronized scc1-73 GAL-PDS1 (US4873), scc1-73
cdc13-1 (US4875), and GAL-PDS1 (US3556) cells were
released into YEP + raff + Gal medium at 32C for 3.5 hr
and then shifted to 37C for another 2 hr. Immunofluorescent
staining of the sample withdrawn after 60 min at 37C is
shown in left panel. Scale bar for photomicrographs repre-
sents 5 mm. The spindle lengths for 120 cells were determined
(right panel).
(B) Asynchronous cultures ofGAL-HO (US4877) andGAL-HO
scc1-73 (US5264) cells grown in YEP + raff were transferred to
YEP + raff + Gal medium for 5 hr at 24C and subsequently
shifted to 37C to inactivate Scc1. Quantitation of spindle
lengths is shown (bottom panel).
localizes to the spindle mid-zone, is also relatively
unstable in cdc13-1 cells, though to a lesser extent
(Figure S4A). To test this further, we compared the
fate of Cin8 and Kip1 pulses in cdc28-1N and
cdc13-1 strains carrying GAL-CIN8-myc3 or GAL-
KIP1-myc constructs. Like cdc13-1 strain, cdc28-
1N also fails to enter mitosis at 37C, but due to
a defect in its mitotic activity. Although Cin8 and
Kip1 pulses were relatively stable in cdc28-1N
cells, both were highly unstable in cdc13-1 cells,
implying that the activation of DNA damage check-
point renders these motor proteins unstable in
cdc13-1 cells (Figure 3B). Consistent with these
observations, abrogation of the checkpoint
restores the stability of Cin8 and Kip1 in cdc13-1 cells (Figures
3C and S3).
Cdh1 Deficiency in DNA-Damaged Cells Results
in Dramatic Spindle Extension
It is possible that the inability of cdc13-1 cells to undergo
anaphase B despite the removal of sister-chromatid cohesion
might be due to the instability, and therefore a deficit, of micro-
tubule-associated proteins such as Cin8. To test this, cdc13-1
cells harboring ‘‘TEV system’’ with or without a CEN or 2m vector
carryingGAL-CIN8-nd orGAL-KIP1-nd (expressing nondestruc-
tible Cin8 or Kip1) (Hildebrandt and Hoyt, 2001; Crasta et al.,
2006) were released from G1 arrest at 32C to allow arrest in
G2, and then galactose was added to induce TEV and Cin8-
nd/ or Kip1-nd expression. As expected, cdc13-1 cells not
expressing Cin8-nd attempted anaphase A upon induction of
TEV but failed to undergo anaphase B (Figure 4A). The majority
of cells expressing Cin8-nd or Kip1-nd, however, extended
their spindles, separated nuclei, and successfully underwent
anaphase B (Figure 4A). This implies that the inability of cdc13-1
cells to segregate chromosomes completely despite the dissolu-
tion of sister-chromatid cohesion is due to the instability of
extension-conducive proteins such as Cin8 and Kip1, resulting
in spindle’s failure to extend.
It has been reported (Hildebrandt andHoyt, 2001; Crasta et al.,
2006) that Cin8 and Kip1 are targeted for proteolytic destruction
by APCCdh1. This raises the possibility that spindle is restrained544 Developmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc.
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deletion of CDH1 in cdc13-1 cells should lead to spindle elonga-
tion after the removal of sister-chromatid cohesion. To test this
hypothesis, an asynchronous culture of cdc13-1 and cdc13-1
cdh1D strain carrying ‘‘TEV system’’ was incubated at 32C to
allow cells to arrest in G2 and then induced to express TEV
protease to dissolve sister-chromatid cohesion. As expected,
cdc13-1 cells did not elongate spindle length significantly and
failed to separate their nuclei, while cdc13 cdh1D cells (70%)
showed extended spindles with well separated nuclei (Fig-
ure 4B). Consistent with these observations, Cdh1 deficiency
led to the stabilization of Cin8, Kip1 (Figure 4C), and Ase1 (Fig-
ure S4B). That Cdh1 is active in cdc13-1 cells is also consistent
with our observations that Cdc20 and Clb2, both substrates of
Cdh1, are also relatively unstable (Clb2 to a much lesser extent)
in cdc13-1 cells compared with GAL-PDS1 cells (Figure 5A). To
probe this issue further, we tested whether APCCdh1 is active in
the DNA-damaged cells and if APCCdh1 immunoprecipitated
from cdc13-1 cells ubiquitylates in vitro transcribed/translated
Cin8. cdc28-as1 and nocodazole (Noc)-treated wild-type cells
were used as positive and negative controls, respectively.
Figure 3. Microtubule-Associated Proteins Are
Unstable in DNA-Damaged Cells
(A) G1 synchronized GAL-PDS1 CIN8-HA3 (US4837), GAL-
PDS1 KIP1-HA3 (US4824), cdc13-1 CIN8-HA3 (US4687),
and cdc13-1 KIP1-HA3 (US4678) cells were released into
YEP + raff + gal medium at 32C. Samples were withdrawn
every 30 min and analyzed for Kip1, Cin8, and G6PDH level.
The levels of Kip1 or Cin8 are quantified relative to G6PDH
using densitometry (right panel).
(B) cdc28-1N GAL-CIN8-myc3 (US3947), cdc28-1N GAL-
KIP1-myc (US3815), cdc13-1 GAL-CIN8-myc3 (US5140),
and cdc13-1 GAL-KIP1-myc (US5139) cells were synchro-
nized in G1 in YEP + raff medium containing a factor at
24C, induced to express Cin8 or Kip for 1 hr by addition of
galactose, and then released into YEPD medium with 1 mg/
ml cycloheximide at 37C. Samples were withdrawn every
10 min and analyzed for Kip1, Cin8, and G6PDH level. The
levels of Kip1 or Cin8 are quantitated against G6PDH using
densitometry and shown on right panel.
(C) G1 synchronized cdc13-1 CIN8-HA3 (US4687), cdc13-1
mec1 CIN8-HA3 (US5993), cdc13-1 KIP1-HA3 (US4678),
and cdc13-1 mec1 KIP1-HA3 (US6125) cells were released
into YEPD medium at 32C. Samples were prepared for
tubulin staining and western blotting.
1NM-PP1-treated cdc28-as1 cells arrest in G2/M
and contain fully active Cdh1, whereas Cdh1 in
Noc-treated wild-type cells is largely inactive
(Crasta et al., 2006). Indeed, APCCdh1 from
cdc13-1 cells was able to ubiquitylate Cin8, albeit
to a slightly lesser extent compared to that from
cdc28-as1 cells. However, APCCdh1 from Noc-ar-
rested wild-type cells was barely able to ubiquity-
late Cin8 (Figure 5A, lower panel). These results
are consistent with our observation that Cin8
immunoprecipitated from G2/M-arrested cdc13-1
cells is more ubiquitylated than that from Noc-
arrested cells (Figure S5C). These results suggest
that the checkpoint-imposed constraint on spindle extension
involves APCCdh1 activity.
Cdh1 Is Hypophosphorylated in DNA-Damaged Cells
We wished to determine what keeps Cdh1 in active state in cells
arrested in G2/M in response to DNA damage. It has been shown
recently (Crasta et al., 2008) that Cdh1 is inactivated during
S phase by the synergistic action of Cdc28/Clb kinase and
Cdc5 polo kinase. Phosphorylation of Cdh1 (at S16, S42, T157,
and T173) by Cdc28/Clb kinase creates four polo box-binding
sites (Nakajima et al., 2003) that then mediate Cdc5 binding to
Cdh1, eventually resulting in additional Cdc5-mediated phos-
phorylation at S125 and S259. Because activation of DNA damage
checkpoint results in the phosphorylation of Cdc28 kinase at
Tyr19 (Amon et al., 1992; Sorger and Murray, 1992) and inactiva-
tion of Cdc5 (Cheng et al., 1998), it is possible that Cdh1 is not
fully inactivated in cdc13-1 cells due to inadequate phosphoryla-
tion by these kinases. To test this, cdc13-1 and GAL-PDS1
strains expressing HA3-Cdh1 from its native locus were synchro-
nized in G1 and released into galactose medium at 32C to
allow arrest in preanaphase state. As expected, while Cdh1Developmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc. 545
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almost no phosphorylation, it was highly phosphorylated in
GAL-PDS1 cells (Figure 5B, upper panels). Treatment with calf
intestinal alkaline phosphatase (CIP) causes lower-mobility
bands to disappear, suggesting that their lowermobility is indeed
due to phosphorylation. Though Cdh1 was also phosphorylated
in cdc13-1 cells, the extent of phosphorylation was significantly
lower in comparison to that in GAL-PDS1 cells (Figure 5B).
Because Cdc5 polo kinase is important for the inactivation of
Cdh1 (Crasta et al., 2008), we estimated Cdc5 activity in cdc13-
1 cells and in cells arrested in preanaphase state without DNA
damage. Cdc5 polo kinase activity (with casein as a substrate)
in cdc13-1 cells is clearly lower compared with GAL-PDS1 cells
or Noc-treated wild-type cells (Figure 5B, lower panel).
To determine if lower Cdc5 kinase activity in cdc13-1 cells
correlates with its checkpoint-dependent phosphorylation,
cdc13-1, GAL-PDS1 and cdc13-1 rad53-21 cells expressing
Figure 4. Dramatic Spindle Extension in Cdh1-Defi-
cient Cells after DNA Damage
(A) Overexpression of motor proteins relieves inhibition of
anaphase B by DNA damage. G1 synchronized cdc13-1
scc1D scc1-TEV268-HA3 GAL-NLS-myc9-TEV (cdc13-1
TEV, US4753) cells without or with GAL-cin8-nd (nondestruc-
tible version) on a CEN plasmid (cdc13-1 TEV GAL-cin8-nd,
US4986) or with GAL-kip1-nd on a 2m plasmid (cdc13-1 TEV
GAL-kip1-nd, US6189) were treated as described in
Figure 1A. Spindles after 120 min of TEV induction (left panel)
and the quantification of spindle length (right panel) are
shown. Scale bar for photomicrographs represent 5 mm.
(B) Involvement of Cdh1 in the regulation of spindle elongation
in DNA-damaged cells. Exponentially growing cdc13-1 scc1D-
TEV268-HA3 GAL-NLS-myc6-TEV (US4753), and cdc13-1
cdh1D scc1D scc1-TEV268-HA3 GAL-NLS-myc9-TEV
(cdc13-1 cdh1D TEV, US4955) cells were arrested in G2 in
YEP + raff medium at 32C for 3.5 hr, and subsequently
released into YEP + raff + gal medium at 32C. Spindles after
120 min of TEV induction (left panel), quantification of spindle
length (right panel), and western blot analysis are shown.
(C) Exponentially growing cdc13-1 CIN8-HA3 (US4687) and
cdc13-1 cdh1D CIN8-HA3 (US5007) cells were shifted to
YEPD at 32C for 5 hr, whereas cdc13-1 KIP1-HA3 (US4678)
and cdc13-1 cdh1D KIP1-HA3 (US5008) cells were shifted to
YEPD at 32C for 4 hr. Samples were withdrawn for western
blotting to detect endogenous Cin8-HA3, Kip1-HA3, and
G6PDH (left panel). In a parallel experiment, G1 synchronized
wild-type CIN8-HA3 (US4122), KIP1-HA3 (US4677), cdc13-1
CIN8-HA3 (US4687), cdc13-1 KIP1-HA3 (US4678), and expo-
nentially growing cdc13-1 cdh1D CIN8-HA3 (US5007) and
cdc13-1 cdh1D KIP1-HA3 (US5008) cells were released into
YEPD medium at 32C for 4 hr. The 0 hr (a factor) and 4 hr
samples were subject to western blotting (right panel). The
spindles in 240 min samples (bottom left panel) are shown.
Cdc5-HA3 from its native locus were grown in
galactose medium at 32C. Whole cell extracts
from these strains were subjected to two-dimen-
sional (2D) gel electrophoresis and then western
blotting using anti-HA antibodies. Hypo- and
hyperphosphorylated forms of Cdc5 can be seen
clearly in cdc13-1 cells (designated by gray and
black arrows, respectively), which disappear upon
CIP treatment (Figure 5C). The most hyperphosphorylated forms
of Cdc5 (indicated by two black arrowheads on the extreme
right) appear to be dependent on DNA damage checkpoint
because they are absent in GAL-PDS1 cells (no DNA damage).
The most hyperphosphorylated Cdc5 spots are also absent in
cdc13-1 rad53-21 cells, though hypophosphorylated forms are
still present, indicating that hyperphosphorylation of Cdc5 in
cdc13-1 cells is Rad53 dependent (Figure 5C). To alleviate the
concern that cdc13-1 and GAL-PDS1 cells might have some-
what different cell-cycle arrest points, the above results were
confirmed by comparing the state of Cdc5 phosphorylation in
cdc13-1 with that in cdc28-1N or clb1Dclb2D cells, which, like
cdc13-1, are unable to enter mitosis under restrictive conditions
but do not incur any DNA damage. Indeed, most hyperphos-
phorylated Cdc5 spots appear in cdc13-1 cells but not in
cdc28-1N or clb1D clb2D cells (Figure 5C, right panel, and Fig-
ure S6A), suggesting that hyper-phosphorylation of Cdc5 is546 Developmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc.
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Rad53 immunoprecipitated from DNA-damaged cells can
directly phosphorylate recombinant Cdc5 (Figure S6B).
Ectopic Expression of Cdc5 Polo Kinase
in DNA-Damaged Cells Causes Spindle Extension
It is possible that lower level of Cdh1 phosphorylation in cdc13-1
cells is due to lower Cdc5 activity caused by its hyperphosphor-
ylation by Rad53 (Figure 5). If so, then overexpression of Cdc5 in
cdc13-1 cells would lead to spindle elongation and nuclear divi-
sion. Onset of anaphase in DNA-damaged cells by overexpres-
sion of Cdc5 has been tentatively hinted at by a previous study
(Sanchez et al., 1999). To test this notion more rigorously, we
used cdc13-1 cdc14-3 strain with or without GAL-myc3-CDC5
but expressing HA3-Cdh1 from its native promoter. cdc14-3
mutation was used in this experiment to prevent cells from exit-
ing mitosis so that the effect of Cdc5 on meta-to-anaphase tran-
sition can be clearly discerned, because overexpression of Cdc5
in cdc13-1 cells is known to trigger mitotic exit (Sanchez et al.,
1999; Hu et al., 2001). Cells were released from G1 arrest into
galactose medium at 32C and spindle length, nuclear division,
and Cdh1 phosphorylation were monitored. In cdc13-1 cdc14-3
cells, the spindle lengths remained within 2–4 mm (short spindle),
nuclei were undivided, and Cdh1 showed weak phosphorylation
(Figure 6A). However, overexpression of Cdc5 clearly induced
spindle elongation (length > 7 mm in 70% cells), nuclear divi-
sion, and hyperphosphorylation of Cdh1 (Figure 6A). Expression
of a kinase-dead version of Cdc5 (Crasta et al., 2008) in an
identical experimental regimen did not cause hyperphosphoryla-
tion of Cdh1 and failed to induce spindle extension or nuclear
division, suggesting that these effects are due to Cdc5’s kinase
activity (Figure 6B). These results, though consistent with our
interpretations, should be viewed with some caution because
of possible caveats generally associated with experiments
involving overexpression.
Expression of ‘‘Cdc5 Phosphorylation-Resistant Cdh1’’
Prevents Spindle Elongation in Checkpoint-Deficient
Cells
The observations described above suggest that the DNA
damage checkpoint restrains spindle elongation by keeping
Cdh1 in a partially active state through inactivation of Cdc5 via
Rad53-mediated phosphorylation. It follows then that dramatic
spindle elongation seen in checkpoint-deficient cells might
be due to Cdc5-mediated inactivation of Cdh1 (allowing
Figure 5. APC Activity and the Phosphorylation Status of Cdh1 and
Cdc5 in DNA-Damaged Cells
(A) Cdc20 and Clb2 in DNA-damaged cells. G1 synchronizedGAL-PDS1 HA9-
CDC20 CLB2-HA3 (US6135) and cdc13-1 HA9-CDC20 CLB2-HA3 (US6132)
cells were released into YEP + raff + gal medium at 32C for 3 hr. Samples
were withdrawn at 30 min intervals for western blotting to detect endogenous
HA9-Cdc20, Clb2-HA3, and G6PDH (top panel). For Cin8 ubiquitylation by
APCCdh1, G1 synchronized, cdc13-1 myc3-CDC27 HA3-CDH1 (US6373) cells
were released into YEPD medium at 32C for 3 hr, cdc28-as1 myc3-CDC27
HA3-CDH1 (US6418) cells into medium containing 500 nM 1NM-PP1 and
wild-type myc3-CDC27 HA3-CDH1 (US6486) into medium containing
1.5 mg/ml nocodazole. Samples were collected for in vitro ubiquitylation
assays as described in Experimental Procedures. Reactions without APC
immunoprecipitates or Cin8 were used as negative controls.
(B) Top-left panel: G1 synchronized GAL-PDS1 HA3-CDH1 (US5205) and
cdc13-1 HA3-CDH1 (US5175) cells were released into YEP + raff + gal medium
at 32C for 3 hr. HA3-Cdh1 was immunoprecipitated from cell extracts using
rabbit anti-HA antibody conjugated beads and the western blot was probed
with mouse anti-HA antibodies. Two different exposures of the same blot
were shown. The graph (right panel) represents the ratio of phosphorylated
to nonphosphorylated forms. Bottom left panel: G1 synchronized GAL-PDS1
CDC5-HA3 (US5262) and cdc13-1 CDC5-HA3 (US5260) cells were released
into YEP + raff + gal medium at 32C for 3 hr. Cdc5 immunoprecipitates
were used in in vitro kinase assays. Cdc5 kinase from wild-type cells express-
ing CDC5-HA3 (US3259) arrested in mitosis by Noc treatment and beads
without cell extracts (B) were used as additional controls. The amount of
Cdc5 kinase in the immunoprecipitates was detected by western blotting.
The bar graphs (bottom right panel) show Cdc5 kinase activity normalized
against the total amount of Cdc5 in the immunoprecipitates.
(C) Cdc5 phosphorylation in DNA-damaged cells. G1 synchronized cdc13-1
CDC5-HA3 (US5260), GAL-PDS1 CDC5-HA3 (US5262), and cdc13-1 rad53-
21 CDC5-HA3 (US5261) cells were released into YEP + raff + gal medium at
32C for 3 hr. Whole cell extracts were subjected to 2D gel electrophoresis
and probed with anti-HA antibodies. Black arrows represent hyperphosphory-
lated forms, gray arrows represent hypophosphorylated forms of Cdc5 (left
panel). The spot indicated by ‘‘#’’ is the nonphosphorylated form of Cdc5 re-
sulting from CIP treatment, and ‘‘*’’represents the spot due to modification
of Cdc5 other than phosphorylation. Similarly treated cdc13-1 (US412) cells
with untagged CDC5 (cdc13-1 NT) served as a negative control. In a parallel
experiment, G1 synchronized cdc13-1 CDC5-HA3 (US5260) and cdc28-1N
CDC5-HA3 (US5676) cells were released into YEPD medium at 37
C for 3 hr
and samples were subjected to 2D gel electrophoresis as above (right panel).Developmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc. 547
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active in these cells. If so, then expression of Cdc5-resistant
Cdh1 in checkpoint-defective cells should suppress spindle
elongation. Cdh1 contains two motifs that resemble the
consensus Cdc5 phosphorylation sites: D/E-X-S/T-F-X-D/E,
where F denotes a hydrophobic residue (Crasta et al., 2008).
Substitution of serine residues (S125 and S259) by alanine at these
sites abolishes Cdc5-mediated phosphorylation of Cdh1 and
prevents its inactivation by Cdc5 (Crasta et al., 2008). CEN-
plasmid harboringCDH1 or cdh1-S125A-S259A (Cdc5-resistant
Cdh1) under the control of weak GAL promoter (GALL) were
introduced into cdc13-1 mec1 strain and G1 synchronized
cells were released into raffinose medium at 32C. At 90 min,
when cells had formed short spindles, galactose was added to
induce Cdh1. As expected, cdc13-1 mec1 cells did not arrest
at G2 and continued into mitosis, elongated their spindle, and
divided their nuclei; this was followed by disassembly of the
spindle and entry into the subsequent cycle (Figure 7A, top
panel). Cells expressing GALL-CDH1 also extended their
spindles but progressed through mitosis somewhat sluggishly
(Figure 7A, bottom panel). However, expression of GALL-
cdh1-S125A-S259A prevented spindle elongation almost
completely (Figure 7A, middle panel), suggesting that Cdc5-
mediated inactivation of Cdh1 is indeed required to allow
spindle extension in the checkpoint-defective cells.
Figure 6. Ectopic Expression of Cdc5 Induces Spindle
Extension
(A) G1 synchronized cdc13-1 cdc14-3 HA3-CDH1 (US5293)
and cdc13-1 cdc14-3 HA3-CDH1 GAL-myc3-CDC5
(US5303) cells were released into YEP + raff + gal medium
at 37C for 4 hr. Samples were collected every 20 min to
analyze DNA content, state of the spindles, and Cdh1 phos-
phorylation. Spindles (180 min, top left panel) and the quanti-
fication of spindle lengths are shown (top right panel). Cdh1,
Cdc5, and G6PDH were detected by western blotting (middle
left panel). Cdh1 was immunoprecipitated from the 240 min
samples and subjected to CIP treatment (bottom left panel).
Scale bar for photomicrographs represent 5 mm.
(B) Cdc5KD fails to induce spindle elongation in DNA-damaged
cells. G1 synchronized cdc13-1 cdc14-3 HA3-CDH1 GAL-
myc3-CDC5 (US5303) and cdc13-1 cdc14-3 HA3-CDH1
GAL-myc6-cdc5-kd (US5705) cells were released into YEP +
raff + gal medium at 37C for 4 hr. Spindles (180min, left panel)
and the quantification of spindle lengths (top right panel) are
shown. Phosphorylation status of Cdh1 (at 240 min) was
determined in HA3-Cdh1 immunoprecipitates (bottom right).
DISCUSSION
It is well established that DNA damage checkpoint
exercises its negative control over mitotic progres-
sion through Chk1 and Rad53 kinases (Osborn
et al., 2002). Although Chk1 prevents segregation
of damaged chromosomes by stabilizing Pds1,
Rad53 kinase inhibits mitotic exit by inactivating
Cdc5 polo kinase, a prominent member of the
MEN and FEAR (fourteen early anaphase release)
pathways that regulate mitotic exit (Stegmeier
et al., 2002). However, as our observations
suggest, preventing dissolution of sister-chromatid
cohesion by Chk1-mediated stabilization of securin is not the
sole mechanism by which the checkpoint suppresses segrega-
tion of the damaged chromosomes. Our results outline a regula-
tory branch of DNA damage checkpoint that inhibits spindle
elongation and prevents progression to anaphase B even in
the absence of chromosome cohesion (Figure 7B). The new
control stems from the activation of Mec1-Rad53 axis in
response to DNA damage, which subsequently inhibits Cdc5
polo kinase. Recently, it has been shown that Cdc5 acts syner-
gistically with Cdc28-Clb kinase to inactivate APC activator
Cdh1 and is responsible for the cellular accumulation of microtu-
bule-binding proteins Cin8 and Kip1 (Crasta et al., 2008). In the
context of DNA damage, inactivation of Cdc5 (and possibly, of
Cdc28 via Tyr 19 phosphorylation) by the checkpoint would
prevent inhibition of Cdh1, allowing it to target Cin8 and Kip1
for proteolytic destruction. A cellular deficit of these proteins
will in turn preclude elongation of the mitotic spindle. That over-
expression of Cdc5, deficiency of Cdh1, and ectopic expression
of Cin8 all lead to dramatic spindle elongation in DNA-damaged
cells strongly supports this regulatory scheme (Figures 4, 5, and
6). Our observation that the deletion of PDS1 in cdc13-1 cells
does not lead to spindle extension characteristic of anaphase
B (our unpublished results) is consistent with this proposal.
Hence, in addition to stabilizing Pds1 via Chk1-dependent phos-
phorylation, DNA damage checkpoint also maintains Cdh1 in an548 Developmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc.
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pronged control to suppress the complete segregation of
damaged chromosomes.
These conclusions are surprising in light of the generally
accepted notion concerning the role of mitotic spindle during
metaphase-to-anaphase transition. Once the bipolar attachment
is attained, the mitotic spindle becomes a tension-ridden struc-
ture, whose elongation is thought to be restricted by sister-chro-
matid cohesion (Kline-Smith andWalczak, 2004). At the onset of
anaphase, cohesins are cleaved by the separase, releasing the
tension and causing the spindle to extend automatically without
much need for further regulation. However, our study suggests
that, in the context of DNA-damage checkpoint, spindle exten-
sion associated with anaphase B is not attained simply by disso-
lution of sister-chromatid cohesion but also involves additional
controls.
It is known that expression of a fully active Cdh1 or ‘‘Tyr 19 to
glutamic acid substitution’’ in Cdc28 results in cells’ failure to
assemble a mitotic spindle (Lim et al., 1996; Crasta et al.,
2006). That budding yeast cells arrest at G2/M with a short
spindle and accumulate some Cin8 in response to DNA damage
implies that Cdh1 may be only partially active. As Cdh1 is inacti-
Figure 7. ‘‘Cdc5-Resistant’’ Cdh1 Prevents Spindle
Elongation in Checkpoint-Deficient Cells
(A) Overexpression of ‘‘active Cdh1’’ (resistant to phosphory-
lation by Cdc5) inhibits spindle extension in checkpoint-
defective cells. G1 synchronized cdc13-1 mec1 (US3135),
cdc13-1 mec1 GALL-cdh1 S125A S259A (US5296), and
cdc13-1 mec1 GALL-CDH1 (US5328) cells were released
into YEP + raff medium at 32C for 90 min to allow short
spindle (1–2 mm) formation. Cells were then collected and re-
suspended in YEP + raff + gal medium at 32C for another 120
min. Spindles in samples collected at 90 min (YEP + raff) and
120 min (YEP + raff + gal), and quantification of spindle
lengths (>7 mm) are shown. Bottom right: the levels of
GALL-driven Cdh1 S125A S259A and Cdh1 are shown in
comparison with endogenous Cdh1 in a similar strain
(US6499, first two lanes).
(B) A regulatory scheme by which DNA damage checkpoint
prevents progression through mitosis (see text for more
details). While Chk1 mediates the stabilization of Pds1 and
preserves sister-chromatid cohesion, Rad53 suppresses
mitotic exit by inhibiting Cdc5. We propose an additional
regulatory branch in this scheme whereby partial inhibition
of Cdc5 and Cdc28/Clb by the checkpoint maintains Cdh1
in a quasi-active form, thus preventing accumulation of micro-
tubule–associated proteins such as Cin8/ Kip1 and conse-
quently restricting spindle elongation.
vated synergistically by Cdc28-Clb and Cdc5 polo
kinase and both kinases are modified via phos-
phorylation by the checkpoint pathway, it is
possible that in the context of mitotic spindle,
Cdc28 and Cdc5 kinases are only partially inacti-
vated in DNA-damaged cells. The presence of
a short spindle and the partial loss of Cdc5 activity
in cdc13-1 cells (Figure 5) are both consistent with
this notion. It would seem logical that DNA damage
checkpoint allows only low level accumulation of
Cin8 and Kip1, which may be sufficient for spindle assembly
but not for its elongation, a step that is clearly most detrimental
to the damaged chromosomes.
Our findings implicate Cdh1 as a new effector in the DNA
damage checkpoint pathways and the mitotic spindle as its
novel target. But what relevance do these findings have for
organisms such as fission yeast Schizosaccharomyces pombe
or mammalian cells that arrest in G2 in response to DNA damage
without a spindle? It has been suggested that lack of a spindle in
G2-arrested fission yeast cells might be due to complete inacti-
vation of Cdc2 (by Tyr15 phosphorylation) upon DNA damage
(Krishnan and Surana, 2005), as opposed to partial inactivation
in budding yeast. Drawing from the budding yeast example,
one would expect Cdh1-equivalent in fission yeast to be fully
active in the DNA-damaged cells devoid of Cdc2 activity.
However, it is not known if the proteolytic machinery or polo
kinase has a direct role in spindle biogenesis in fission yeast. In
mammalian cells, Cdh1 inactivation during S phase by Cdk2/
cyclin A kinase is necessary for the onset of mitosis (Lukas
et al., 1999; Sorensen et al., 2001). Moreover, consistent with
our observations in budding yeast, APCCdh1 has been found to
be active in X-irradiated DT40 cells (Sudo et al., 2001). ThatDevelopmental Cell 17, 541–551, October 20, 2009 ª2009 Elsevier Inc. 549
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G2 arrest implies that Cdh1 is important for the maintenance of
DNA damage-induced cell-cycle arrest (Sudo et al., 2001). It
has been shown recently that exposure to genotoxic stress
causes reactivation of APCCdh1, which leads to degradation of
Plk1 and stabilization of both Claspin, an activator of DNA
damage checkpoint response, and Wee1, an inhibitor of Cdk1
(Bassermann et al., 2008). Our study, together with these
reports, clearly suggests that active Cdh1 in DNA-damaged
cells play an important role in the execution and/or mainte-
nance of the DNA damage checkpoint. However, further inves-
tigations are necessary to determine if the control circuitry
involving Cdk1, polo kinase, Cdh1, and microtubule-associated
proteins we have outlined for budding yeast is operative in
other organisms.
EXPERIMENTAL PROCEDURES
Yeast Strains and Growth Conditions
All strains were derivatives of W303. Cells were routinely grown in yeast-
extract peptone (YEP) or selective medium supplemented with 2% glucose
or raffinose + galactose at 24C unless otherwise stated. Experiments
requiring synchronization by a factor and Noc were performed according to
Lim et al. (1996).
Cell Extracts, Immunoprecipitation, In Vitro Kinase Assays,
and Western Blot Analysis
Preparation of cell extracts for immunoprecipitations and western blot
analysis, and precipitation of proteins by trichloroacetic acid, were carried
out according to Yeong et al. (2000). Kinase reactions were performed by
incubating 150 mg immunoprecipitated Cdc5-HA3 in 4 ml CK buffer (10 mM
HEPES [pH 7.4], 750 mM KCl, 50 mM MgCl2, 5 mM EGTA, 5 mM DTT,
1 mM PMSF, 20 mg/ml leupeptin, 40 mg/ml aprotinin, complete protease inhib-
itor cocktail, 15 mM PNPP, 50 mM NaF, 1 mM sodium orthovanadate, and
50 mM b-glycerophosphate), 4 ml 1 mM ATP, 1 ml 250 mM MOPS (pH 7.2),
1.1 ml g-32ATP (1 mCi/ ml), and 20 mg casein (final volume 20 ml) at 24C for
30 min. Reactions were terminated by adding 4 ml 5x loading buffer and run
on 12% SDS-PAGE gels. For western blot analyses, immunodetection of
myc, HA, and G6PDH was carried out using anti-myc monoclonal antibodies
(Santa Cruz, 1:1000 dilution), anti-HA monoclonal antibodies (Roche, 1:1000
dilution), and anti-G6PDH polyclonal antibodies (Sigma, 1:10,000 dilution),
respectively. Enhanced chemiluminescence kit from Santa Cruz was used for
all western blot analyses.
Anti-Tubulin Staining and Live Cell Imaging
Anti-tubulin staining was performed according to Lim et al. (1996). The images
were captured using a Leica DMRX microscope attached to a Hamamatsu
CCD-camera driven by Metamorph software (Universal Imaging Corporation).
For live cell imaging, the cells were mounted onto glass slides coated with
agarose containing 2% raffinose + galactose in low-immunofluorescence
yeast nitrogen base with complete drop-out medium supplemented with
adenine, and incubated in a 32C chamber. The images were captured using
a Zeiss Axiovert 200M microscope attached to a Photometrics COOLSNAP
HQ camera driven by Metamorph software. CFP signals were sampled every
2 min. For each time point, seven Z-sections (0.4 mm apart) were obtained.
A time-stack of these projections was compiled from the Z projections of these
planes using Metamorph software. The lengths were measured using the
Caliper function. To visualize signals of the TetO-TetR GFP system, cells
collected at various time points were frozen immediately on dry ice without
fixation and stored until further use. Cells were later thawed and mounted on
slides with Vectashield containing DAPI (Molecular Probes). Images were
captured as described above.
For detection of ubiquitin conjugates in vivo, in vitro ubiquitylation assay, and
2D gel electrophoresis, please see Supplemental Experimental Procedures.550 Developmental Cell 17, 541–551, October 20, 2009 ª2009 ElseSUPPLEMENTAL DATA
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